Increased wheel-running activity in the genetically skeletal muscle fast-twitch fiber-dominant rats HABITUAL PHYSICAL ACTIVITY is one of the most important factors for health-related physical fitness and the prevention of cardiovascular diseases (23) . Habitual activity levels appear to be genetically heritable in humans (29) , rats (33) , and mice (27, 46) . Wheel running has been widely used for analyzing the voluntary physical activity levels in various animals for over a century (39) . Individual variations in wheel-running activity in rats are substantial (32) . Wheel running is a relatively high-intensity activity (32) and causes several physiological modifications, including an increase in the maximal O 2 uptake (21, 47) , changes in the muscle enzyme activity (18, 32) , an increase in the glucose transporter 4 content (14) , vascular adaptations (36) , and alterations in the muscle fiber and myosin heavy chain composition (2, 5, 19, 52) .
Skeletal muscle fibers are roughly categorized as slow-twitch type I and fast-twitch type II fibers. Type II fibers are further subclassified into type IIA and IIX fibers in human muscle and into type IIA, IIX, and IIB fibers in rodent muscle (34) . The muscle fiber composition varies considerably in the human vastus lateralis and gastrocnemius (4, 11) and the rat gastrocnemius (24, 44) . The muscle fiber composition is affected by genetic factors in humans (40) , rats (24, 44) , and mice (25) as well as by environmental factors (40) . The muscle fiber composition is related to various types of physical performance, including isokinetic strength (49, 50) , fatigability (50) , maximal O 2 uptake (4), and running speed (8) . Recently, transgenic Drosophila expressing only an embryonic myosin heavy chain (51) and myosin heavy chain IIX or IIB null mice (17) showed a lesser physical activity level than wild type. These reports raise the possibility that the muscle fiber composition also affects the habitual physical activity level.
Using selective breeding, we developed fast-twitch fiber-dominant rats (FFDR), which genetically possess a higher percentage of type II fibers in several skeletal muscles than the control rats (CR) obtained by random breeding (43) (44) (45) . We considered that this animal model might help us to elucidate the relationships between inherited muscle characteristics and habitual physical activity levels. In the present study, we subjected CR and FFDR to spontaneous wheel running to examine whether or not genetic differences in muscle fiber-type composition were related to voluntary wheelrunning activity.
METHODS

Animals.
To obtain FFDR and CR, we performed both selective and random mating of rats, respectively. The breeding methods have been described by Suwa et al. (44) . In brief, the initial generation in the selective breeding was randomly chosen from a base population that was produced by the random mating of three strains, Wistar-Imamichi, Fischer 344, and Donryu. The rats were examined by histochemical analysis at age 9 wk. On the basis of the histochemical analysis, 5 males and 10 females with the highest percentage of type II fibers in the deep portion of gastrocnemius muscle were selected and mated. These procedures were repeated until the eighth generation. This selected cohort was FFDR. On the other hand, 5 males and 10 females randomly chosen from the base population were also repeatedly bred until the eighth generation. This random mating cohort was CR. The inbreeding coefficient for each generation is shown in Fig. 1 . The distribution of type II fibers of gastrocnemius muscle at the base population was 45.5%, and it increased to 61.8% by selection breeding until the seventh generation for a high percentage of type II fibers in the FFDR (44) . The percentage of type II fibers in the soleus, vastus intermedius, adductor longus, and biceps brachii muscles as well as the deep portion of the gastrocnemius in FFDR was higher than in CR. On the other hand, no significant differences were observed in the plantaris, extensor digitorum longus, rectus abdominis, diaphragm, or palmaris longus muscles (45) . These rats were weaned at age 3 wk and housed two or three per cage before the experiment. Wheel running was started at age 9 wk and lasted for 7 days. Male rats (CR: n ϭ 17, FFDR: n ϭ 17) at 9 wk age with a body weight of 250-300 g were used for this experiment. The CR and FFDR were divided into sedentary or wheel-running exercise groups consisting of sedentary CR (Sed-CR; n ϭ 6), wheel-running CR (WR-CR; n ϭ 11), sedentary FFDR (Sed-FFDR; n ϭ 6), and wheel-running FFDR (WR-FFDR; n ϭ 11). Food and water were provided ad libitum. All animals were housed in a temperature-(22 Ϯ 2°C) and humidity-controlled (60 Ϯ 5%) room with a 12-h light (0700 to 1900) and 12-h dark (1900 to 0700) cycle. All experimental procedures were approved by the University Committee for the Use of Animals in Research and were in strict accordance with the American Physiological Society's Guiding Principles in the Care and Use of Animals.
Voluntary wheel running. Voluntary wheel running was measured on activity wheels (1.07-m-circumference, 10-cmwide running surface of 10-mm mesh wire; Shinano Instruments, Tokyo, Japan) for 7 days. The measurements were started at 0900. Standard housing cages (40 ϫ 13 ϫ 17 cm deep) were attached to one side of the wheels. Attached to each wheel was a photocell counter, which was interfaced to an MS DOS-compatible personal computer. Customized software from Neuroscience (Tokyo, Japan) measured the number of revolutions for each wheel. The number of revolutions per day was measured for 7 days. In addition, on day 7, the revolutions per hour, the number of 1-min intervals during which any activity occurred (no. 1-min intervals/24 h), the average number of rpm, and the maximum rpm occurring during any 1-min interval were measured.
The sedentary rats were housed two per cage (42 ϫ 25 ϫ 20 cm deep) for 7 days with a metal top and wood shavings as bedding.
Muscle analysis. After finishing the experimental period, the rats were immediately weighed and anesthetized with pentobarbital sodium (60 mg/kg body wt ip). The gastrocnemius and soleus muscles of one leg were rapidly dissected. Muscle transverse sections (7 m) were cut from each muscle by using a cryostat maintained at Ϫ20°C, and the sections were then mounted on a cover glass. Myosin ATPase was demonstrated by using previously described procedures. In brief, consecutive serial sections were processed using three different pretreatments, preincubation at pH 4.3 (12), 4.6 (12), and 10.4 (15) . The muscle fibers were identified as type I, IIA, IIX, IIB, and IIC fibers on the basis of the myosin ATPase staining intensity (13) . A composite photomontage of Values are means Ϯ SE; n, no. of rats. CR, control rats; FFDR, fast-twitch fiber-dominant rats; Sed, sedentary; WR, wheel running. * Significantly different from the CR in the same exercise state, P Ͻ 0.05. † Significantly different from the sedentary group of the same rat strain, P Ͻ 0.05.
each ATPase preparation was made by using micrographs, and then each fiber was identified and counted by using a hand counter. Next, the muscle fiber composition was determined by evaluating Ͼ500 fibers in each section in the deep and superficial portions of the gastrocnemius muscle and all countable fibers in the soleus muscle. Other photographs of artifact-free 1.085-mm 2 areas were used for determining the fiber cross-sectional area (CSA). The measurement system was composed of an image scanner (model ES-2000, Epson, Nagano, Japan) connected to a Macintosh computer. The software used for analyzing the images was NIH Image 1.62 (National Institutes of Health, Bethesda, MD). More than 150 fibers were measured in each section.
To visualize the capillaries, another cross section (7 m) was also cut. The section was fixed with 100 mM PBS buffer containing 4% formaldehyde for 4 min at room temperature, and then myosin ATPase (preincubation at pH 10.3) (28) was demonstrated. The stained sections were photographed, and then the artifact-free 0.271-mm 2 areas were analyzed and the capillary density (capillaries/mm 2 ) and capillary-to-fiber ratio (capillaries/fibers) were determined in each section. Statistical analysis. To compare the findings including the body weight, inbreeding coefficient, muscle and heart weight, fiber composition, fiber CSA, capillary density, and capillaryto-fiber ratio, we used the two-way ANOVA (rat strain ϫ exercise state). A Tukey-Kramer's post hoc test was performed if the ANOVA indicated a significant difference. To compare the total running distance each day during the 7-day test and each hour on day 7, we used the two-way repeated-measures ANOVA (rat strain ϫ time). A TukeyKramer's post hoc test was performed if any significant interactions were detected by ANOVA. To compare the total running distance for 7 days and 1-min intervals/24 h, and the mean and maximum rpm on day 7, the unpaired Student's t-test was used. A value P Ͻ 0.05 was considered to be significant. Table 1 indicates the body composition data. No significant differences in the body weight among the four groups were observed. The absolute and relative values of the gastrocnemius muscle weight in Sed-and WR-FFDR were significantly lower than in the Sed-and WR-CR, respectively (P Ͻ 0.05). In the soleus weight, the relative value of WR-FFDR was significantly higher than that of Sed-FFDR and WR-CR (P Ͻ 0.05), whereas the absolute weight was not significantly different among the four groups. No significant differences were observed in the absolute or relative heart weights.
RESULTS
Body composition.
Muscle fiber composition. In the deep portion of the gastrocnemius muscle, as shown in Fig. 2 (a and b) and Table 2 , the percentage of type I fibers in Sedand WR-FFDR was significantly lower and the percentage of type IIX fibers was significantly higher than in Sed-and WR-CR, respectively (P Ͻ 0.05). No significant differences among the four groups were observed in the percentage of type IIA or IIC fibers. In the superficial portion of the gastrocnemius muscle, no significant differences in the fiber-type composition were observed ( Table 2 ). In the soleus muscle, as shown in Fig. 2 (c and d) and Table 2 , the percentage of type I fibers in Sed-and WR-FFDR was significantly lower and the percentage of type IIA fibers was significantly higher than in the Sed-and WR-CR, respectively (P Ͻ 0.05). No significant differences among the four groups were observed in the percentage of type IIC fibers.
Fiber CSA. The CSAs of type I and IIX fibers of the deep portion of the gastrocnemius muscle in Sed-FFDR were significantly lower than in Sed-CR (P Ͻ 0.05; Table 2 ). The CSAs of the type IIX and IIB fibers of the superficial portion of the gastrocnemius muscle in Sedand WR-FFDR were significantly lower than in Sedand WR-CR, respectively (P Ͻ 0.05; Table 2 ). No significant differences in the fiber CSA were observed in the soleus muscle (Table 2) .
Capillary density and capillary-to-fiber ratio. The capillary density in the Sed-and WR-FFDR of the deep portion of the gastrocnemius muscle was significantly higher than in Sed-and WR-CR, respectively (Table 2 ; P Ͻ 0.05), whereas the superficial portion of the gastrocnemius and soleus muscles in WR-FFDR were significantly higher than in WR-CR (Table 2 ; P Ͻ 0.05). Figure 3 indicates the histochemical staining tech- nique for visualizing capillaries in WR-CR (a) and WR-FFDR (b). No significant differences were observed in the capillary-to-fiber ratio ( Table 2) .
Wheel-running activity levels. Figure 4A indicates the running distance per day for 7 days. The running distance per day for each 7 days in WR-FFDR was significantly higher than in WR-CR (P Ͻ 0.05). WR-FFDR showed a significant increase in the daily running distance, but WR-CR did not, on the basis of the finding of one-way repeated-measures ANOVA (P Ͻ 0.05). As shown in Fig. 4B , the total running distance for 7 days in WR-FFDR was 3.2-fold higher than in WR-CR (P Ͻ 0.05). Figure 5 indicates the running distance per hour on day 7 of the 7-day test. In the dark period, the running distance per hour of the WR-FFDR was significantly higher than in WR-CR except for 2100-2200, 0400-0500, and 0600-0700 (P Ͻ 0.05). On the other hand, in the light period, the activity levels were very low and no significant differences were observed between the groups. Table 3 indicates the voluntary wheel-running behavior on day 7 of the 7-day test. The total running distance in WR-FFDR was significantly higher than in WR-CR (P Ͻ 0.05). The total number of active 1-min intervals for 24 h, which is an index of the total running time, was 1.5-fold higher in WR-FFDR than in WR-CR (P Ͻ 0.05). The average rpm when they were active and maximum rpm in any single 1-min period, which are the indexes of running speed, were significantly higher in WR-FFDR than in WR-CR (2.9-and 2.0-fold, respectively, P Ͻ 0.05).
DISCUSSION
Wheel running requires high endurance and speed (32) . Rats given access to running wheels repeatedly run at a speed close to or exceeding that at which their aerobic capacity is reached (38) . Intuition suggests that a more advantageous physiological capacity regarding running endurance and/or speed may result in an increased wheel-running activity level. Indeed, mice obtained by selection breeding for high level wheel-running activity showed a higher maximal O 2 uptake and mitochondrial pyruvate dehydrogenase activity than control mice (18, 47) . We consider that the muscle fiber composition also affects the wheel-running activity level because it might be one of the determinants of physical fitness (4, 8, 49, 50) . In this study, we demonstrated that FFDR, which were shown in this study to possess a higher percentage of type II fibers and capillary density and a smaller fiber CSA than CR (Table 2 ) as well as a higher oxidative enzyme activity in our previous study (42) , spontaneously ran longer distances than CR. Furthermore, FFDR ran longer and at a higher wheel velocity than CR.
Recently, Harrison et al. (17) indicated that myosin heavy chain IIX or IIB null mice showed lower level of wheel-running activity than wild-type mice. This report supports our notion that the inherited difference in the muscle fiber composition affects the voluntary wheel-running activity level. However, myosin heavy chain null mice are characterized by their histopathology in the hindlimb muscles (1, 3, 35) . Moreover, the function of the diaphragm muscle in myosin heavy chain null mice decreased (1). Presumably, the reduced wheel-running activity level of myosin heavy chain null mice may be due to their muscle pathology and/or a reduced ventilatory capacity as well as an altered muscle fiber composition. Therefore, further analysis is needed to investigate how genetic differences in the muscle fiber composition affect the physical activity level with the use of an animal model not obtained by transgene techniques. In FFDR, produced by selection breeding, the percentage of type IIX fibers of the deep portion of the gastrocnemius muscle and the percentage of type IIA fibers of soleus muscle were genetically higher than in CR with a concomitant decrease in the percentage of type I fibers. In rat muscle, the contraction velocity and power output of type IIA and IIX fibers were higher than in type I fiber (6, 9) . In addition, the type IIA and IIX rat muscle fibers both showed a higher glycolytic and oxidative potential than type I fiber (30) . Taken together, it is speculated that the higher percentage of type IIA and/or IIX fibers with a concomitant decrease in the percentage of type I fibers are beneficial for wheel running in rats. It is thus possible that the higher voluntary wheel running in FFDR is accompanied by a higher percentage of type IIA and/or IIX fibers. In contrast to our results, the muscle fiber composition in the medial portion of the gastrocnemius muscle of mice with genetically higher wheel-running activity was not different from the control mice (53) . The reason for this disagreement between the results of the previous study (53) and the present study is unclear. One possibility is as follows: some of the genes enhancing the voluntary activity also affect the muscle fiber composition, whereas the other genes do not, and the FFDR inherited at least some of the former genes, whereas the mice with a genetically higher activity level (53) inherited only the latter genes.
Theoretically, selective breeding for one phenotype should cause changes in the allele frequencies of all genes related to the phenotype under selection and allele frequencies of the genes not associated with the selected phenotype should remain unchanged except for genetic drift, but genetic drift might not be important. Selection for a single trait often results in correlated changes in other traits (10) . Our laboratory previously indicated that FFDR had a higher percentage of type II fibers in the soleus, adductor longus, vastus intermedius, and biceps brachii muscles than did CR (43, 45) . In addition, in this study, the muscles of the FFDR showed a higher capillary density, smaller fiber CSA, and greater voluntary wheel-running activity level than did CR. Such results suggest that some of the genes that influence the fiber composition of the deep portion of the gastrocnemius muscle also affect such traits.
The FFDR showed a higher capillary density and smaller fiber CSA, and these phenomena might be caused by pleiotropic gene action. The higher capillary density may enhance the muscle vascular transport capacity, which is described by the maximal ability to deliver substrates and O 2 to and remove metabolic waste products from tissues during exercise (22, 37) . Smaller fiber CSAs may also be advantageous for high-intensity endurance exercise because it is considered to facilitate O 2 diffusion in cells. It is therefore possible that higher capillary density and/or smaller fiber CSA also affect the wheel-running behavior of FFDR.
In our previous observations, FFDR showed a higher activity of mitochondrial oxidative enzymes than did CR (42) . It is noteworthy that mice with a genetically higher wheel-running level have also been shown to have a significantly higher mitochondrial pyruvate dehydrogenase activity than control mice (18) . Furthermore, the activity of other mitochondrial oxidative enzymes in these mice also tends to be higher than in control mice (18) . The muscle oxidative enzyme activities were also significantly affected by genetic factors (7, 16, 41) . On the basis of these data, it is speculated that high levels of wheelrunning activity may require a high level of muscle aerobic capacity, and thus genetically correlated responses have been observed between such phenotypes.
Our present study indicates that the genetic variations in skeletal muscle characteristics may affect the variations in spontaneous activity in rats. The muscle characteristics, which are at least partially genetically determined (24, 25, 40, 44) , are also associated with various physical performances in humans (4, 8, 49, 50) and mice (1) . There are many reports concerning the genetic effects on physical performance in humans (7, 16, 31, 41, 48) and animals (20, 26) . In addition, there are significant genetic effects on habitual physical activity level in humans (29) and animals (27, 33, 46) . On the basis of these observations, it is possible that the individual variations in the habitual physical activity level as well as forced exercise performances in humans are in part determined by genetic variations in the skeletal muscle characteristics. However, further studies are called for to clarify such causality.
In summary, we demonstrated that FFDR showed a higher voluntary physical activity than CR. In addition, a higher percentage of type IIA or IIX fibers and capillary density and smaller fiber CSA were observed in FFDR than in CR. It is speculated that such muscle characteristics, including fiber contractile or metabolic profiles of FFDR, may fit the mechanical or physiological demands of wheel running.
